of 63 % (22/35) and in the peripheral blood of 38 % (14/37) of participants for an overall response rate of 65 % (24/37). the most frequently immunogenic peptides were Magea3 281-295 (49 %) and tyrosinase (32 %). responses were not limited to Hla restrictions originally described.
Introduction the role of CD4
+ t lymphocytes in tumor immunotherapy is incompletely explored and may include augmentation of cytotoxic t lymphocyte (Ctl) responses, licensing of antigen-presenting cells, or direct cytotoxic function [1] . In murine models, tumor control can be achieved by immunotherapy independent of CD8 t cells [2] , and in humans, adoptive transfer of antigen-specific CD4 + t cells can mediate durable complete regression of advanced Abstract Immunization with a combination melanoma helper peptide (6MHP) vaccine has been shown to induce CD4 + t cell responses, which are associated with patient survival. In the present study, we define the relative immunogenicity and Hla allele promiscuity of individual helper peptides and identify helper peptide-mediated augmentation of specific CD8 + t cell responses. thirty-seven participants with stage IIIB-IV melanoma were vaccinated with 6MHP in incomplete Freund's adjuvant. the 6MHP vaccine is comprised of 6 peptides representing melanocytic differentiation proteins gp100, tyrosinase, Melan-a/ Mart-1, and cancer testis antigens from the Mage family. CD4
+ and CD8 + t cell responses were assessed in peripheral blood and in sentinel immunized nodes (SIn) by thymidine uptake after exposure to helper peptides and by direct interferon-γ elIspot assay against 14 MHC class I-restricted peptides. Vaccine-induced CD4 + t cell responses to individual epitopes were detected in the SIn 1 3 melanoma [3] . thus, there is rationale for developing effective immune therapies targeting CD4 + t cells. thus far, most melanoma peptide vaccines have focused on Ctl epitopes, as early studies utilizing individual Hla-Dr restricted peptides showed disappointing immunogenicity [4] [5] [6] . However, in a phase I/II clinical trial, we demonstrated the safety, immunogenicity, and clinical activity of a mixture of 6 Hla-Dr restricted melanoma helper peptides (6MHP) administered in combination with gM-CSF in an emulsion with Montanide ISa-51 adjuvant [7] . In a follow-up, randomized phase II study in which 6MHP was administered with Ctl epitopes among patients with stage IV melanoma (eCOg 1602), a striking finding was a strong association between immune responses to 6MHP and patient survival [8] . While two of the peptides in the 6MHP combination were weakly immunogenic in prior studies, 4 additional peptides had not previously been tested in humans. these recent results show that there is promising immunogenicity and evidence of clinical activity for the 6MHP combination peptide vaccine.
We hypothesized that within this combination vaccine, there exists an immunological hierarchy, in terms of the ability of each peptide to elicit CD4 + t cell responses in vivo. Because the 6MHP component peptides had preexisting reports of restriction by specific Hla-Dr molecules, we had limited enrollment to patients expressing at least one of the reported restricting alleles (Hla-Dr-1, −4, −11, −13, or −15). However, peptides that stimulate helper t cells are frequently promiscuous in their binding to Hla-Dr molecules [9] ; so, we hypothesized that each peptide would be immunogenic in the context of a broad array of Hla-Dr molecules.
the intent of the present study is therefore threefold. First, we aim to provide a more comprehensive evaluation of the immunogenicity of each of these 6 melanomaassociated helper peptides derived from cancer testis antigens and melanocytic differentiation proteins. Second, the promiscuity of these peptides for specific Hla-Dr molecules will be assessed. last, we will determine whether helper peptide vaccination can induce CD8 t cell responses to class I-restricted melanoma peptides.
Materials and methods

Patients and vaccination
thirty-seven evaluable participants with american Joint Committee on Cancer stage IIIB, IIIC or IV melanoma with (n = 17) or without (n = 20) measurable disease were vaccinated with an experimental melanoma vaccine comprised of 6 peptides 14-23 amino acids in length (table 1) . the patients were required to express Hla-Dr1, Dr4, Dr11, Dr13, or Dr15. the peptides were administered with 110 mcg gM-CSF (Berlex, Seattle, Wa) in a stable emulsion with 1 ml Montanide ISa-51 adjuvant (IFa, Seppic, Inc., Paris, France/Fairfield, nJ) at weeks 0, 1, 2, 4, 5, and 6. Following the third vaccination, a sentinel immunized node (SIn) draining the replicate vaccine site was removed surgically. additional enrollment and study design details have been reported previously [7] . Patients' blood and tissue samples were studied following informed consent, and with Institutional review Board (HIC#10464) and FDa approval (BB-InD #1825).
Peptides for laboratory use the 6MHP melanoma helper vaccine was comprised of six peptides, and our prior report focused on the overall response to the mixture of all 6 peptides. In the present report, we present data on CD4 + t cell responses to each of the 6 peptides individually: gp100 44 (tSY), and Mage-a1, 2,3,6 121-134 (llK) [7] . additionally, a tetanus helper peptide aQYIKanSKFIgItel [10] and the irrelevant peptide from HIV gag protein, SlYntVatl [11] were included in the laboratory analyses. MHC class I-restricted peptides used to evaluate CD8 + t cell responses are listed in table 2.
Proliferation assays
While only a subset of patients expressed the Hla-Dr allele reported to restrict each peptide, to test peptide promiscuity to Hla-Dr restriction, we evaluated the immunogenicity of each peptide in patients with both matching and unmatched Hla-Dr types. Detailed assay methodology has been reported previously [7] . In brief, proliferation in response to helper peptides was assessed in vitro after exposure to each of the following 11 conditions: media only; bovine serum albumin (BSa; Sigma-aldrich, St. louis, MO); tetanus peptide; each of the six melanoma helper peptides; six melanoma helper pool (6MHP); and phytohaemagglutinin (PHa, Sigma-aldrich, St. louis, MO; at 5 mcg/ml). each peptide was assayed at 10 mcg/ml. two normal donors (Virginia Blood Services, Charlottesville, Va) were included as controls. Stimulation index (SI) was determined based on the following definitions: N vax = stimulation in vaccine peptide; N neg = stimulation in negative control; and stimulation index = R vax = N vax /N neg . a patient is considered to have a proliferative response to vaccination by meeting all of the following criteria:
and R vax postvaccination ≥4 × R vax pre-vaccination. to compare proliferative responses to individual epitopes versus responses to the 6MHP mixture, we first calculated the ratio between the sum of the stimulation indices of individual epitopes (SI e ) and the stimulation index for the 6MHP mixture (SI 6MHP ). We then found the average SI e :SI 6MHP ratio across all samples for each responsive patient and finally, the average ratio across all responsive patients.
Flow cytometry and elIspot assays to determine the percent of CD8 t cells in patients' peripheral blood specimens used in the elIspot assay, PBMC were labeled with CD3-Pe, CD4-FItC, CD8-PeCy7, and CD56-aPC antibodies (BD Biosciences, San Jose, Ca) [7] . elIspot assays of t cell function were performed directly ex vivo after thawing cryopreserved cells. lymphocytes were plated (200,000 cells/well) and pulsed with peptide (10 mcg/ml) in quadruplicate at each of two dilutions. a patient is considered to have a t cell response if all of the following criteria have been met: N vax − n neg > 20 cells/100,000 CD8
+ cells (CD8 percentage based on flow cytometry), R vax ≥ 2, (n vax − 1 SD) ≥ (n neg + 1 SD), and R vax post-vaccination ≥2 × R vax pre-vaccination. as was the case in the proliferation assays, pre-vaccine foldincreases <1 were converted to one.
Results
Immunogenicity of individual peptides
Immune responses were detected to at least one individual epitope in the SIn of 63 % of participants [22/35, ) . each of the six peptides was immunogenic in one or more participants. an example of a vaccine-induced immune response to multiple antigens is shown in Fig. 1 . In this example, reactivity was first evident 2 weeks after the first vaccine, persisted through week 6 and was still evident at weeks 13 and 16 ( Fig. 1) . Durability of response to the 6MHP pool for the study group as a whole has been presented previously [7] . among responders to at least one individual peptide, the median number of peptides responded to was 2 ( range 1-4, Fig. 2a) .
the two most frequently immunogenic peptides were tSYVKVlHHMVKISg (Mage-3 281-295 ) and YlePgPVta [34] gp100 280-288 glYDgMeHl [35] Mage-a10 254-262 aagIgIltV [36] Mart-1/Melana 27-35 SllMWQIta [37] nY-eSO-1
Hla-a3 allaVgatK [38] gp100 17-25 lIYrrrlMK [28] gp100 614-622 SlFraVItK [26] Mage-a1 [96] [97] [98] [99] [100] [101] [102] [103] [104] aSgPgggaPr [39, 40] nY-eSO-1 53-62
3
FllHHaFVDSIFeQWlQrHrP (tyrosinase ). Overall, for responses in PBMC and/or SIn, vaccine-induced immune responses were detected in 49 % of subjects to tSY, 32 % to Fll, 24 % to rng, 22 % to llK, 5 % to Wnr, and 5 % to aQn (table 1) , with tSY producing the highest mean stimulation index (Fig. 2b) (Fig. 1) . Prior evidence exists for tSY restriction by Hla-Dr11. However, rng was reported to be presented by Hla-Dr4 [12] , which was not expressed by this patient; thus, immunogenicity of rng represents additional restriction by Hla-Dr1 or Dr11. Overall, immune response rates were not noticeably different between patients whose Hla-Dr expressions matched the originally reported restrictions (matched patients) and unmatched patients (Fig. 2c) ; however, subgroup analysis for each epitope was not performed due to inadequate enrollment.
CD8 t cell responses to MHC class I-associated melanoma peptides to test whether vaccination with a panel of melanoma helper peptides may induce CD8
+ t cell responses to melanoma antigens, PBMC and SIn samples from eleven patients who expressed Hla-a1, a2, or a3 were selected and tested for reactivity using a direct IFnγ elIspot assay against a panel of 14 melanoma-associated peptides restricted by the those Hla alleles. PBMC samples were available from all eleven patients, and SIn samples were available from seven. novel reactivity following 6MHP vaccination was observed in 5 of 11 patients [46, 95 % CI (17, 77 %), 3 in PBMC and 2 in SIn]. responses were to the Hla-a1 restricted eVDPIgHlY (eVD, Magea3 168-176 ), the Hla-a2 restricted IMDQVPFSV (IMD, gp100 209-2 M), and SllMWQIta (Sll, nY-eSO-1 157-165 modified), and the Hla-a3/a31 restricted aSgPgggaPr (aSg, nY-eSO-1 53-62 ) (Fig. 3) . none of these CD8-directed peptides overlapped with the amino acid sequences of the helper peptides used for vaccination. 
Discussion
Few studies have evaluated the immunogenicity of peptides for inducing CD4 + t cell responses to melanoma antigens. Here, we report the immunogenicity of each of 6 intermediate-length peptides first described as HlaDr restricted epitopes for CD4 + t cells [12] [13] [14] [15] [16] [17] [18] . these peptides represent naturally occurring sequences of melanocytic differentiation proteins (gp100, Melana/Mart-1, and tyrosinase) and cancer testis antigens (Mage proteins). among these 6 peptides, two had previously been evaluated for immunogenicity in human clinical trials: gp100 44-59 and Mart-1/Melana 51-73 . two studies had failed to demonstrate immunogenicity of the gp100 [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] peptide [5, 6] ; one study showed Mart-1/Melana 51-73 to be immunogenic [12] . the other 4 peptides, to our knowledge, had not previously been evaluated in human trials. We have found that, when administered together, each of the 6 peptides was able to induce CD4 t cell proliferation, but with a range of immunogenicity. Fluctuations in stimulation index do occur over the course of vaccination (Fig. 1) . these may be temporally related to the vaccination schedule, to patient-specific fluctuations in immune function, or to minor variations in assay technique. the most immunogenic were FllHHaFVDSIFeQWlQrHrP (tyrosinase ) and tSYVKVlHHMVKISg (Mage-3 281-295 ). In our hands, gp100 44-59 was immunogenic, but in the SIn of only two patients and in the PBMC of only one of these two (table 1) . Interestingly, one of the patients' responses in PBMC was of high magnitude (max SI 28.0). Our experience with the Mart-1 peptide corroborated the prior study, with immune responses detected in 24 % of patients. the two most immunogenic peptides were 15-and 21-mers, the two with intermediate immunogenicity were 14-and 23-mers, and the two least immunogenic were 15-and 16-mers; thus, there was no clear association between peptide length and immunogenicity. given that the two most dominant epitopes were a melanocytic differentiation antigen (tyrosinase) and a cancer testis antigen (Magea3), the source protein also did not appear to influence immunogenicity. the immune response rates to individual peptides were lower than the immunogenicity rate of the 6MHP pool. We reported previously that immune responses to the 6MHP pool were induced in the peripheral blood in 57 % of patients and in the SIn in 78 % of patients, with an overall immunogenicity rate (PBMC and/or SIn) of 81 % [7] . By comparison, only 65 % of patients had immune responses detected to one or more individual peptides. the criteria for immune responses toward the 6MHP pooled peptide mixture were the same as for individual peptides in the present study. thus, expecting at minimum an additive effect of individual peptides in the immune response to the 6MHP, it is not surprising that, in some cases, the contributions of individual peptides to the total 6MHP response may each fall below our immunogenicity threshold even if the cumulative effect of all 6 succeeded in satisfying those criteria. Our results suggest that the effect of multiple melanoma epitopes may actually result in a synergistic effect on t cell proliferation within both PBMC and SIn environments. each of the helper peptides was originally described as an epitope for melanoma-reactive CD4 + t cells from a specific patient, for whom the restricting Hla-Dr molecule was known [12] [13] [14] [15] [16] [17] [18] . We had hypothesized that the peptides would be promiscuous, presenting antigen across a range of Hla-Dr molecules. thus, for each peptide, we compared the immunogenicity rate among patients expressing the originally reported Hla-Dr allele (e.g., Hla-Dr11 for Mage-a3 281-295 , tSY) to that among patients lacking that Hla-Dr allele. We found that immunogenicity rates were similar between patients whose Hla-Dr expression matched the original restricting molecules and those whose Hla-Dr expression did not. therefore, our results support the presence of promiscuity of these helper peptides, in concordance with existing evidence of a hierarchy of Hla-Dr promiscuity among a set of tetanus peptides, with some epitopes appearing to be universally immunogenic across all Hla-Dr alleles [9] . to our knowledge, tSY was the only component peptide within the 6MHP vaccine with prior in vitro evidence of Hla-Dr binding promiscuity (to alleles Dr1, 4, 11) [19] . Our results suggest that potential clinical application of helper peptides may not need to be limited to those patients with MHC class II alleles matching previously described restrictions. a limitation of peptide vaccines is that they can only include a small subset of the potentially relevant tumor antigens for a given patient. However, if immune responses to the vaccine peptides contribute to expansion of immune responses to other epitopes from the same proteins or to other antigens (epitope spreading), there is greater potential for clinical benefit. CD4 + t cells offer the potential to support expansion of CD8 + t cell responses by providing "help"; thus, we hypothesized that immune responses to 6MHP would be associated with induction of CD8 + t Fig. 3 t cell responses to class I MHC-restricted epitopes were identified by direct IFn-γ elIspot assay in 5/11 participants (46 %). VMM335, VMM635, and VMM685 developed responses in peripheral blood; VMM582 and VMM701 developed a response in SIn cell responses to class I MHC-restricted peptides. to obtain preliminary evidence toward that hypothesis, we tested whether immune responses were induced to any of a panel of 14 class I MHC-restricted melanoma-derived peptides, depending on the patients' expression of Hla-a1, a2, or a3 (table 2) . We observed de novo reactivity to class I MHC-restricted epitopes in 5 of 11 patients evaluated (46 %). these were responses against peptide sequences not contained in the 6MHP, and reactivity to a protein not represented in the vaccine (nY-eSO-1) was observed. this suggests that induction of a CD4 response may provide help toward antitumor activity via Ctls reactive to different proteins than those represented by the helper epitopes.
With the rapid emergence of alternative modalities for Ctl activation through innovative approaches to dendritic cell antigen presentation [20, 21] , our results advocate for the design of multi-modality trials. It should be noted that the vaccines in this study were administered with gM-CSF in addition to IFa. In previous studies, gM-CSF administered locally with a multipeptide melanoma-associated vaccine resulted in a reduction in both CD8 and CD4 t cell responses compared with the use of IFa alone [22] . therefore, the ability of helper peptides to induce CD4 responses and de novo CD8 t cell anti-tumor responses in the absence of gM-CSF may exceed those observed in the present study. recent evidence also suggests that t cells primed with peptides in IFa may not migrate to tumor locations, but may instead be retained at the vaccine site, where they undergo dysfunction and subsequent apoptosis [23, 24] . although this has been demonstrated with short (9-mer) peptides in IFa, such an effect may be circumvented by employing longer peptide epitopes due to requisite presentation by dendritic cells in local lymph nodes, away from the effects of IFa at the vaccine site [25] . In our study, the presence of CD8 + t cell responses in peripheral blood and the high frequency of CD4 + t cell responses in the vaccine-draining node suggest that antigen presentation may occur outside of the vaccine site alone.
In summary, vaccination with 6MHP in IFa plus gM-CSF induced immune responses against each of the 6 peptides, but there was a hierarchy of immunodominance. the most immunogenic peptides were from tyrosinase and Mage-a3. there was no evidence that peptide length or the type of source tumor antigen predicted immunodominance. Immune responses to class I MHC-restricted peptides were observed in 46 % of patients evaluated, suggesting that CD8 t cell reactivity was induced by epitope spread. this mixture of 6 helper peptides has been shown to be immunogenic and safe [7] , and immune responses to these peptides correlate strongly with survival of patients with advanced melanoma [8] . By defining the immunogenic hierarchy and promiscuity of the peptides comprising the 6MHP mixture, we hope to promote future clinical research with these epitopes through personalized immunotherapy.
